Introduction
Most soft-tissues comprising biological organs are mechanically and structurally complex, of low stiffness compared to mineralized bone or engineered materials, and exhibit non-linear and time-dependent deformation. Compared to other tissues in the body, brain tissue is remarkably compliant, with elastic moduli E on the order of 100s of Pa 1 . Brain tissue exhibits structural heterogeneity with distinct and interdigitated gray and white matter regions that also differ functionally. Understanding brain tissue mechanics will aid in the design of materials and computational models to mimic the response of the brain during injury, facilitate prediction of mechanical damage, and enable engineering of protective strategies. Additionally, such information can be used to consider design targets for tissue regeneration, and to better understand structural changes in brain tissue that are associated with diseases such as multiple sclerosis and autism. Here, we describe and demonstrate several experimental approaches that are available to characterize the viscoelastic properties of mechanically compliant tissues including brain tissue, at the micro-, meso-, and macro-scales.
1. Gently pour a 350 μm thick brain slice, as well as the CO 2 -independent medium from the round bottom flask into a P60 dish coated with the mussel-derived bioadhesive. 2. By gently tilting the P60 dish, position the brain slice in the center of the dish. If necessary, slowly pipette medium from a manual pipetter to unfold a brain slice that has folded over on itself or better position the brain slice in the center of the dish. 3. Carefully remove excess media using a P1000 pipetter (do not use the vacuum). 4 . Place cover on P60 dish and let the brain slice adhere for 20 min.
5. Remove the AFM head, place the brain slice mounted in the P60 dish on the AFM stage, and add ~2 ml pre-warmed CO 2 -independent medium. 6. Carefully add a drop of media onto the AFM probe to protect it from breaking due to surface tension when it is lowered into the media surrounding the brain slice. 7. Reposition the AFM head onto the stage, and begin lowering the head until it is submerged into the media. 8. Using the top-view CCD camera, reposition the laser onto the cantilever.
NOTE: The alignment of the laser on the cantilever will have changed slightly due to the difference in refractive index of air and medium. 9. Wait 5 min for the cantilever to adjust to being submerged in a warm liquid, then reset the mirror alignment to a free deflection of 0 V. 10 . Run a thermal spectrum on the AFM probe according to the manufacturer's instructions 16 . Use the fit of the first thermal peak to recalculate the AFM probe's InvOLS in media. 11. Using the optical microscope, move the sample stage such that the brain region of interest below the AFM probe.
NOTE: The corpus callosum will appear dark as it is more opaque than the surrounding gray matter. The cortex is superior to the corpus callosum. 12. Reset the mirror alignment to a free deflection of 0 V. 13. On the Sum and Deflection Meter in the AFM software, click "Engage" to engage the AFM head. 14. Using the position dial on the AFM head, lower the head until contact between the cantilever and sample is made.
3. (Optional) If desired, measure the elastic modulus of the sample, as described previously 4, 17, 18 . 4. Conduct creep compliance experiments.
1. Construct an applied force function in the software's function editor. The force function consists of a 0.1 sec ramp to a set point of 5 nN and hold it for 20 sec, followed by a 1 sec ramp down to an applied force of 0 nN. 1. On the Indentation Master Panel, under the indentation method, select "Load" for Indenter Mode; "N" for units; and "Function editor" for Indenter Function. 2. In the function editor, on the Segment Parms Panel, create an applied force function segment that starts at 0 nN, ends at 5 nN, with a time of 0.1 sec. Click "Insert -->". 3. For the next segment, set start to 5 nN, end to 5 nN, and time to 20 sec. Click "Insert -->." 4. For the final segment, set start to 5 nN, end to 0 nN, and time to 1 sec. Click "Draw" and close the Function Editor window.
2. On the Force Tab of the Master Panel, check "indenter ramp after trigger" and set the applied force function to trigger after reaching a trigger point of 0.1 V. 3. Click "Single Force" on the bottom of the Force Tab of the Master Panel, which will trigger the constructed-applied force function for creep compliance. 4. After the single force indentation is finished, raise the AFM head so that it is out of contact with the sample and then re-engage the head and re-zero free deflection. 5. Reposition the sample stage to locate a new area of interest, and lower the AFM head to make contact. NOTE: The AFM head must be retracted from sample surface when the sample stage is moved. Failure to do so can result in damage to the delicate AFM cantilever. 6. Repeat steps 3.4.3-3.4.5 until desired amount of data has been collected.
Conduct force relaxation experiments.
1. Construct an applied indentation function in the software's function editor. The indentation function consists of a 0.1 sec ramp to a set point of 3 μm and hold it for 20 sec, followed by a 1 sec ramp down to an indentation depth of 0 µm. 1. On the Indentation Master Panel, under the indentation method, select "Indentation" for Indenter Mode; "m" for units; and "Function editor" for Indenter Function. 2. In the function editor, on the Segment Parms Panel, create an applied force function segment that starts at 0 µm, ends at 3 µm, with a time of 0.1 sec. Click "Insert -->". 3. For the next segment, set start to 3 µm, end to 3 µm, and time to 20 sec. Click "Insert -->." 4. For the final segment, set start to 3 µm, end to 0 µm, and time to 1 sec. Click "Draw" and close the Function Editor window.
2. On the Force Tab of the Master Panel, check "indenter ramp after trigger" and set the applied force function to trigger after reaching a trigger point of 0.1 V. 3. Click "Single Force" on the bottom of the Force Tab of the Master Panel, which will trigger the constructed-applied indentation function for force relaxation. 4. After the single force indentation is finished, raise the AFM head so that it is out of contact with the sample and then re-engage the head and re-zero deflection. 5. Reposition the stage to locate a new area of interest, and lower the head to make contact. 6. Repeat steps 5.3-5.5 until desired amount of data has been collected. 6 . Conclude experiments and clean-up.
1. After concluding experiments, raise the AFM head and remove it from the sample. 2. Use a lab tissue to carefully remove excess liquid without touching the cantilever. 3. Carefully clean the AFM cantilever holder using a small amount of ethanol. Do not expose the delicate electronics on the cantilever holder to ethanol. Remove the AFM cantilever and place in a storage container. 20 .
3. Define a window of interest for data analysis. The window of interest is the region where either force (for creep compliance) or indentation depth (for force relaxation) is maintained at a setpoint value (i.e., Region 3 as shown in Figure 1C,D) . 4. For creep compliance experiments, calculate the experimental creep compliance modulus, J c (t), in response to a step load :
, where H(t) is the Heavyside step function and R is the radius of the spherical probe. 5. For force relaxation experiments, calculate the experimental force relaxation modulus, G R (t), in response to a step indentation depth :
.
Impact Indentation
1. Calibrate the instrumented nanoindenter and adjust default settings to enable dynamic impact experiments on hydrated brain tissues according to the manufacturer's instructions. 1. Mount a spherical probe by sliding it onto the pendulum using tweezers. 2. Glue a fused quartz sample onto the sample post, which is screwed into the translational stage.
3. Go to the Calibration menu and select "Liquid Cell." Follow the software's instructions to make contact with the fused quartz sample. 4. Select "Normal" for the Indenter Type and use the default value of 0.05 mN for the Indenter Load. Click "Continue" to perform the calibration for the normal indenter configuration. 5. Move the sample stage back by at least 5 mm. Mount the lever arm, which allows the probe to be lowered into the liquid cell, and repeat the liquid cell calibration in the new configuration by selecting "Liquid Cell" for the Indenter Type. Click "Continue" to obtain the Liquid Cell Calibration Factor. 6. Activate the Liquid Cell software option by going to the Experiment menu and selecting "Special Options." Use the latest calibration value. 7. Increase the capacitor plate spacing as this will lead to a greater maximum measurable depth, which is necessary when testing highly compliant materials. 1. Under the System menu, select "Non Protected Settings" and "Machine Parameters" to change the pendulum test load rate, zero load rate, and standby ramp offset to 0.5 mN/sec, 0.1 mN/sec, and 3 V, respectively. 2. With a wrench, turn the three nuts that control the capacitor plate spacing clockwise in small increments. 3. After each complete clockwise turn, select "Bridge Box Adjustment" under the Maintenance menu and obtain a good pendulum test, which will require moving the counter-balance weight away from the pendulum. 4. Repeat steps 4.1.7.2-4.1.7.3 until the approximate depth calibration reads a value of 70,000 nm/V or higher. 8. Position a new limit stop at the bottom of the pendulum that can be switched on and off via a power supply. Retract the original limit stop sitting behind the pendulum to remove a potential obstruction of the pendulum motion and allow for higher impact velocities as well as higher penetration depths into compliant samples. 9. Allow the cabinet to reach thermal equilibrium (takes approximately 1 hr). 10. While the cabinet equilibrates, go back to the System menu and select "Non Protected Settings" and "Machine Parameters." Set the depth calibration (dcal) contact velocity to 1 µm/sec, the primary indentation contact velocity to 3 µm/sec, and the ultra low load contact velocity to 1 µm/sec. 11. Under the Calibration menu, perform a standard depth calibration in this new configuration. 12. Turn on the power supply for the solenoid and set it to 10 V. Go to the Experiment menu and select "Impact" and "Adjust Impulse Displacement." Follow the software instructions (automatic prompts) to calibrate the swing distance of the pendulum.
2. Mount the mouse brain tissue in the liquid cell. 1. After harvesting the whole brain from step 1.5, store it immediately in CO 2 -independent nutrient medium for adult neural tissue media on ice. 2. When the impact indentation setup is fully complete, carefully transfer the brain into a petri dish along with CO 2 -independent medium.
Slice the brain into 6 mm thick sections with flat surfaces on either side. 3. Adhere the sliced tissue to the aluminum sample post with a thin layer of cyanoacrylate adhesive. 4. Slide the liquid cell over the second O-ring on the sample post, and fill the liquid cell with 5 ml of CO 2 -independent medium to fully immerse the tissue. This sample post is then carefully mounted onto the translational stage inside the instrumented nanoindenter.
3. Measure the impact response of the brain tissue. 1. If necessary, remove the spherical probe and replace it with the probe of interest without removing the lever arm. 2. Under the System menu, select "Non Protected Settings" and "Machine Parameters." Change the primary impact contact velocity to 5 µm/sec. 3. With the sample bath low (-z direction) and far away from the pendulum (+x direction), move in the -x direction until the tip on the lever arm is properly located above the bath. Move in the +z direction until the tip is fully submerged in the bath and in front of the sample.
4. Using the sample stage control window, make contact carefully and then back the stage away from the sample surface by approximately 30 µm. 5. Under the Experiment menu, click "Impact" to set up an impact experiment. Choose a specific impulse load that will relate directly to the resulting impact velocity based on the swing distance calibration. Run the scheduled experiment. 6. When the pendulum swings back and the sample surface continues to move to the measurement plane, turn the bottom limit stop switch off. 7. Observe as the pendulum swings forward to impact the sample. The displacement of the probe as a function of time will be recorded by the software. 8. When the xyz stage window appears, turn the limit stop switch back on. 9. Repeat steps 3.4-3.8 to test as many different loads and locations as needed.
4. Analyze the acquired displacement vs. time response of the pendulum using customized MATLAB scripts to determine the maximum penetration depth x max , energy dissipation capacity K, and dissipation quality factor Q. 11 1. Go to the Analysis menu and export the data in a text file. 2. Take the time derivative of the displacement profile to obtain velocity as a function of time. Set zero displacement as the contact point x o1 . NOTE: Impact velocity v in is the maximum velocity immediately prior to contact. x max corresponds to the deformation at which the probe velocity first decreases to zero. x o2 , which is equivalent to x r , is the position required to reinitiate contact with the deformed sample in the next cycle. Rebound velocity v out is the velocity at displacement x r . 3. Define K (unitless) as the energy dissipated by the sample normalized by the sum of the recovered and dissipated sample energies during the first impact cycle. Calculate K based on the intrinsic properties of the pendulum 21 (such as rotational stiffness and damping coefficient), x o1 , x max , x r , v in , and v out . NOTE: For more information, one may consult the work of Kalcioglu et al., 2011. 4 . Since displacement can be described as a damped harmonic oscillatory motion, fit an exponential decay function to the maxima of the displacement vs. time curve. 5. Calculate Q (unitless) as π multiplied by the number of cycles required for the oscillation amplitude to decrease by a factor of e. A higher Q value means a lower energy dissipation rate.
Rheology
1. Click "file/new" and under the gel tab select "Frequency sweep." Click window/Measurement 1: Frequency sweep. Double click on the oscillation box. Enter the frequency range (e.g., 0.1 to 100 rad/sec), the strain (e.g., 1% strain) and the number of points per decade (e.g., 6 points/dec). Select "ok" and click "start" to initiate the frequency sweep.
5. Repeat frequency sweep (step 5.4) in duplicates or triplicates. 6. Review the data that are automatically calculated and exported by the rheometer: G' and G" as a function of frequency (frequency sweep) or shear strain (amplitude sweep). NOTE: G' and G'' are calculated from the sample's (maximum) reactional torque amplitude T' 0 , and rotational displacement angle (or deflection angle) , and phase lag , of the sample's response to the applied oscillatory strain (Figure 3 ):
where R and h are the radius and height of the sample.
Representative Results Figure 4 shows representative indentation and force vs. time responses (Figure 4B,E) for creep compliance and force relaxation experiments, given an applied force or indentation depth (Figure 4A,D) , respectively. Using these data and the geometry of the system, the creep compliance J c (t) and force relaxation moduli G R (t) can be calculated for different regions of the brain (Figure 4C,F) . While previous studies have shown a difference between the elastic moduli of different areas of the brain 23 , the viscoelastic properties measured in this way for mouse brain tissue slices do not show interregional variation within a given tissue slice.
Impact indentation measures the mechanical properties of the tissue at high rates of spatially and temporally concentrated loading. The results of these experiments provide information about how the tissue dissipates energy in response to traumatic injury or intentional deformation associated with surgery. The damped oscillatory motion of the impact indentation probe ( Figure 2B ) provides information to calculate the maximum penetration depth x max (Figure 5A) , energy dissipation capacity K ( Figure 5B) and energy dissipation rate Q (Figure 5C ) of the tissue. Penetration depth measures the deformation resistance, which strongly correlates with the tissue's elastic modulus: stiffer tissues exhibit smaller penetration depths for a given impact velocity and impact energy. Energy dissipation capacity is a unitless measure of the extent to which the tissue dissipates the impact energy during the first impact cycle. Dissipation quality factor measures how many cycles occur before the oscillations from impact are damped significantly -this relates directly to the rate of energy dissipation, though this is not expressed in units of time. These three impact response parameters can be quantified at different impact velocities, which provides a means to study the ratedependent properties of the tissue. Figure 6 shows macroscale G' and G" for frequencies ranging from 0.1 rad/sec to 50 rad/sec. The storage modulus is nearly an order of magnitude larger than the loss modulus at low frequencies. However, the ratio between storage and loss moduli decreases as frequency increases. This indicates that elastic properties dominate the behavior of brain tissue, since the storage modulus describes elastic properties and the loss modulus describes viscous losses of the material. At a sufficiently high loading frequency, the storage and loss moduli will equate, indicating the point at which the material begins to flow (i.e., viscous properties dominate the behavior of the sample). For the case of brain tissue measured as illustrated herein, physical limitations of the instrumentation do not allow us to measure material properties at higher frequencies. 
Discussion
Each technique presented in this paper measures different facets of brain tissue's mechanical properties. Creep compliance and stress relaxation moduli are a measure of time-dependent mechanical properties. The storage and loss moduli represent rate-dependent mechanical properties. Impact indentation also measures rate-dependent mechanical properties, but in the context of energy dissipation. When characterizing tissue mechanical properties, both AFM-enabled indentation and rheology are commonly used methods. AFM-enabled indentation is particularly useful because in addition to providing time dependent material properties, different experimental parameters can be used to measure cell and tissue elastic modulus 4 and even frequency dependent properties 24 , as described previously. However, accurate interpretation of the data and design of experiments can be challenging for compliant, hydrated tissues. While rheometry measures bulk properties of the tissue, AFM-enabled indentation probes microscale volumes relevant to cells' microenvironment. Impact indentation provides a means to quantify specifically how a material deforms in the context of a concentrated, dynamic impact load, which is useful in applications like studying traumatic brain injury caused by focal impact. While the results from each technique are not directly comparable, the energy dissipation characteristics measured via impact indentation follow the same trends as the shear loss modulus measured via rheology, as discussed below.
In the AFM-enabled indentation of brain tissue illustrated herein, we measured viscoelastic properties using creep compliance and force relaxation. Because of the small scale of the AFM probe, this technique can measure mechanical properties of anatomically distinct areas of the brain, such as the white and gray matter regions of the corpus callosum and cortex, respectively (Fig. 4) . While there are other techniques for measuring microscale mechanical properties of biological specimens -such as magnetic twisting cytometry, optical tweezers, and microrheology -these techniques have not been successfully used on tissue samples due in part to the relatively strong scattering of light within semi-opaque tissues.
We found that the viscoelastic behavior of brain tissue measured in this manner is qualitatively similar to previously reported results by Elkin & Morrison 26 . While the magnitude of the measured values for relaxation modulus do not agree, this is likely due to the difference in experimental conditions. Elkin & Morrison use a 250 µm diameter flat punch, compared to our 20 µm diameter sphere. Additionally, Elkin & Morrison perform measurements on brain tissue from rats, while we conducted measurements on brain tissue obtained from mice. Despite these differences, both techniques measured heterogeneous mechanical properties within brain tissue, or more specifically, that the white matter of the corpus callosum exhibits a lower relaxation modulus than the gray matter of the cortex in the coronal plane.
It is important to note that while we calculated the creep compliance and force relaxation moduli in response to a requested step load or step indentation, respectively, the experimentally applied load and indentation are not ideal (instantaneous) step functions. Loads and indentations are applied over short timescales (<1 sec), and these loading histories can affect the measured creep and relaxation responses 7, 25 . Specifically, assuming an applied step indentation results in slight under-estimation of the relaxation modulus, while assuming an applied step load results in slight over-estimation of the creep compliance modulus. The discrepancies between the actual and calculated elastic moduli will decrease as the ramp rates of the applied loads and indentation increase.
A key step in conducting load relaxation is choosing the proper magnitude of maintained force (i.e., the setpoint corresponding to the photodiode voltage that relates directly to the applied force). The setpoint force for creep compliance must be chosen so that: (1) the response is large enough to produce easily measureable changes in indentation depth; and (2) small enough that the indentation depth required to maintain the setpoint force does not become so large as to drift outside of the range of the AFM piezoelectric actuator that modulates the vertical position of the AFM cantilever base. In the presented protocol, we have suggested a setpoint force of 5 nN, which worked well for our experimental setup. However, if the AFM piezo is unable to maintain that force due to its limited range of motion (see Fig. 4A, inset) , that value can be lowered. This experimental issue is not encountered with force relaxation experiments that maintain a constant, calculated indentation depth through a feedback loop.
In contrast to the quasi-static AFM-enabled indentation at nanoNewton (nN) scale forces and μm-scale depths, impact indentation applies a concentrated dynamic load of mN-scale forces and measures the specimen's deformation response to depths approaching the millimeter-scale. We have previously used impact indentation to quantify the behavior of the heart and liver 9, 11, 12 , and observed a similar dependence of energy dissipation response on loading rate for tissues from those organs.
Impact indentation can accommodate probe radii ranging from µm to mm. Additionally, impact indentation experiments can be conducted in fully immersed environments, which allows for the mechanical characterization of hydrated tissues 21 . When testing highly compliant samples such as brain tissue, important considerations must be taken into account. First, the maximum measurable depth into the material is approximately 1 mm, a limitation set by the length scales of the instrument itself; any further pendulum displacement will be physically halted by the collision between the electromagnetic coil located at the top of the pendulum and the stationary magnetic plate. For brain tissue, this limits the highest impact velocity that can be successfully applied to approximately 5 mm/sec. Note that while the impact velocities are on the order mm/s, the corresponding strain energy densities are on the order of kJ/m 3 , which approaches ballistic conditions, due to the small dimensions of the probe radius 11 . Second, it can potentially become difficult for the instrument to detect contact between the probe and tissue surface. As the sample stage travels toward the probe, contact is detected when the pendulum is pushed back by the moving sample. However, for highly compliant samples, the pendulum may not be deflected detectably while the probe penetrates into the sample.
To address this problem, we can increase the speed at which the sample stage moves such that there will be a greater momentum during contact to drive the pendulum back. The sample should also be as flat as possible, to further minimize any errors in detecting the proper contact point. Lastly, note that the impact load is not a true impulse load, in that the electromagnetic current at the pendulum top continues to supply a driving force for penetration after the first impact event. As a result, creep may occur especially at the higher loading conditions, which complicates analysis of energy dissipation characteristics. Further work on this technique can involve decoupling the creep response from the impact response, introducing temperature control to enable studies at body temperature, and including the visualization of the tissue sample surface via a microscope compatible with the liquid cell.
Rheometry measures the frequency dependent mechanical properties of viscoelastic solids on the macroscale level. The shear moduli components, storage G' and loss G", can be measured in frequency ranges typically spanning 0.001-0.1 rad/sec to 10-100 rad/sec, depending on the instrument, probe geometry, and sample 13 . For accurate measurement, an amplitude sweep should be performed prior to a frequency sweep to determine the linear elastic range of the material; this is the range of the strain for which G' and G'' remain constant 14, 27 . The shear strain chosen for the frequency sweep should be as high as possible within the linear viscoelastic limit (typically 1-2% shear strain) such that sufficient torque is achieved during measurement. The torque during measurements should always be in the allowable range provided by the manufacturer to ensure a sufficient signal to noise ratio.
Additionally, the rheometry probe used should be as large as possible to maximize the torque, but must overlay with the sample completely 13 . In preparing the sample, the tissue should be sliced as flat as possible to minimize stress gradients when contact is made between the plates. When contact is made with the sample, the tissue should not have any water droplets on it to minimize slip at that interface. However, the tissue also must not be dried out prior to or during measurement as this will degrade the tissue structure 13 . The tissue should be fully hydrated with media after contact between both plates. Adhesive, waterproof sandpaper may also be attached to the plates to minimize slip 28 . Additionally, axial compression has been shown to alter the magnitude of G' of brain tissue 29 . Since rheology samples are typically thin (~5 mm), small changes in height (~ 500 μm) may produce large compressive strains (e.g., ~10%), and therefore significant changes in the shear modulus. Moreover, as the sample is viscoelastic, the material will undergo stress relaxation due to axial compression 28 , which may affect measurements. Thus, repeated measurements should be performed at similar operating axial strains, and the sample should be allowed to relax (e.g., 5-10 min) prior to measurement. Error associated with these phenomena is a limitation of the technique. Other limitations of rheometry include the assumption that the material is homogeneous and isotropic, which is often not true in tissue samples 13 . Additionally, temperature should be maintained at physiological conditions as it will affect G' and G" 22 . In brain tissue specifically, increased temperature has been shown to decrease both G' and G'' modestly without changing the power law behavior with frequency, thus following the time-temperature superposition principal 22, 30 . Our data are in good agreement with previous studies 22, 27 in porcine brain, which observed similar magnitudes of G' and G'', as well as a weak power law frequency dependence in both G' and G".
The calculated ratio tanδ = G"/G' (Fig. 6) provides one basis of comparison between rheometry and impact indentation. In impact indentation, we found that brain tissue's energy dissipation capacity increased with increased loading rates. Using rheometry, we found that as frequency increased, tanδ also increased. In other words, the material was more dissipative at higher frequencies. Additionally, while impact indentation measurements do not quantify an elastic modulus directly, the penetration depths x max decrease directly with increasing elastic modulus.
Together, the methods described in this paper enable the mechanical characterization of brain tissue at the micro-, meso-, and macro-length scales, and at different loading rates. The methods presented herein can be used on a number of compliant materials, including both biological tissues and engineered hydrogels. With an in-depth understanding of the multiscale viscoelastic properties of brain tissue, we can better design materials engineered to mimic the mechanical response of the brain. These tissue simulant materials can facilitate prediction of mechanical damage and engineering of protective strategies. Additionally, the material properties of brain can be used to design bioinspired materials for in vitro and in vivo studies to better understand growth and connectivity of cells in the central nervous system, particularly in the context of neurological diseases such as autism and multiple sclerosis.
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